The adsorption capacities of zeolite ZSM-5 and periodic mesoporous molecular sieve SBA-15 towards methyl chloride (chloromethane) and nitrogen were examined for the separation of these gases. Adsorption isotherms were obtained by using a constant volume technique up to 1.6 atm over the temperature range 40-80°C. The Langmuir, Freundlich, Sips and Toth adsorption models were fitted to the isotherms and validations of these models were discussed. Adsorption isosteres were obtained by using the parameters of the Toth equation. Binary adsorption isotherm predictions were undertaken using the Extended Langmuir (EL) and Ideal Adsorbed Solution Theory (IAST) in order to obtain a better understanding of the separation of methyl chloride from air. Henry's law constants, heats of adsorption and separation factors for both adsorbents were also obtained.
INTRODUCTION AND LITERATURE REVIEW
Volatile Organic Compounds (VOCs) are produced extensively in many industries, especially high-tech industries. The control of the emission of such gases is a very important issue due to environmental problems and their negative effects on human health. Some of them have a great impact on ozone depletion whilst others have a very high greenhouse effect. Their photochemical reactions with nitrogen oxides produce ground level ozone, often referred to as urban smog. This smog is harmful to human health (Koh et al. 2002) . Because of the great impact of the presence of VOCs on the environment and human health even at very low concentrations, they need to be removed from air. Up to 10% VOC in air is considered to be the feed for separation.
Compared to other processes such as incineration, condensation and absorption, adsorption separation processes are cleaner and more effective techniques for removing trace pollutants (Zhao, X.S. et al. 1998; Huang et al. 1999) . The absence of by-products and the ability to recover the adsorbed species reduces the cost and makes adsorption a more preferable process (Jennings et al. 1985) .
In the present study, methyl chloride was examined as a representative volatile organic compound. It is used in the production of silicone (Bloemen and Burn 1993) as well as in the manufacture of synthetic rubber and the production of higher hydrocarbons. Some of the health problems occurring on exposure to high concentrations of methyl chloride arise from its serious effect on the nervous system, heart rate, blood pressure, liver and kidneys. Long-term exposure studies with animals have shown effects on the liver, kidney, spleen and central nervous system. The Environmental Protection Agency (EPA) has classified it as a Group D carcinogen. Similarly, the Occupational Safety and Health Administration (OSHA) has set the permissible exposure limit for methyl chloride as 100 ppm for an 8-h work day in a 40-h work week (ATSDR 1998) .
In this study, SBA-15 and ZSM-5 zeolites were considered as potential adsorbents to be used to control methyl chloride emissions and their adsorption capacities towards methyl chloride and nitrogen were examined. Nitrogen was used as a representative of air since 79% of air is composed of this gas. The adsorption properties of nitrogen and oxygen are similar to each other compared to volatile organic compounds and hence the use of nitrogen as a representative of air is reasonable. The adsorption behaviour of binary mixtures was predicted in order to provide a better understanding of the separation of methyl chloride from air. The heat of adsorption, which is a very important parameter in any analysis of the regeneration process, was also calculated for both of these adsorbents. Separation factors were obtained at different adsorption temperatures for both adsorbents studied.
HiSiv-3000 is essentially a pure silica ZSM-5 zeolite with an Si/Al ratio in the order of thousands. ZSM-5 zeolites are porous crystalline aluminosilicates which are constructed from five-membered rings to create two intersecting channel systems with elliptical 10-membered ring pore openings. The pore diameter of ZSM-5 zeolites is ca. 5 Å (Thomas and Critenden 1998) . ZSM-5 zeolite is prepared under hydrothermal conditions using tetrapropylammonium hydroxide (TPAOH) as a template. The resulting material exhibits an SiO 2 /Al 2 O 3 ratio which varies from 15 to infinity for the pure silica polymorph, silicalite. Crystallization is facilitated by an increase in the SiO 2 /Al 2 O 3 ratio (Szostak 1992) .
The pore system of SBA-15 is comprised of two-dimensional hexagonally packed cylindrical pores (Zhao, D. et al. 1998) . In contrast to zeolites, the pore walls of SBA-15 consist of microporous amorphous silica (Kruk et al. 2000; Ryoo et al. 2000; Galarneau et al. 2001 Galarneau et al. , 2003 Ravikovitch and Neimark 2001) . It is prepared using a poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymer as a supramolecular template. This polymer (denoted EO 20 PO 70 EO 20 ) is manufactured by BASF and known commercially as P123. Its molecular weight is 5800. The pore sizes of SBA-15 silica may be varied from 7 to 30 nm using organic additives such as trimethylbenzene.
THEORETICAL BACKGROUND

Pure component adsorption models
The Langmuir, Freundlich, Sips and Toth models were used to describe pure component adsorption.
The Langmuir model
This model is based on the dynamic equilibrium between adsorption and desorption. The surface is considered to be homogeneous and adsorption is limited to a single monolayer. The adsorption of species is localized at definite sites (Langmuir 1918) . The surface coverage is given by following equation:
where n and n s are the number of adsorbed species and adsorption sites, respectively, while P is the adsorbate pressure and b is an empirical parameter.
The Freundlich model
This empirical model usually provides a better fit to non-linear isotherms (Zeldowitsh 1935) . It is a good model for explaining the adsorption behaviour of organic compounds from liquid systems onto activated carbon or gas adsorption onto heterogeneous surfaces. The parameter t is usually larger than one and depends on the heterogeneity of the adsorbent surface. The larger the value of t, the greater the heterogeneity of the system (Do 1998).
(2)
The Sips model
This model -known as the Langmuir isotherm for non-uniform surfaces -is also empirical. It is basically a combination of the Langmuir and Freundlich models as follows:
The Toth model
The Toth equation, which is also an empirical model, provides a good description of many adsorption isotherms. It usually gives a better fit in the Henry's law region than the Sips and Freundlich models.
All the parameters in the Toth equation can be expressed as a function of temperature. This property enables the extrapolation or interpolation of isotherms at different temperatures. The temperature dependencies of the various parameters in the Toth equation are given below in equations (5) to (7):
Binary adsorption models
The Extended Langmuir (EL)
The assumptions of the Langmuir isotherm for pure components are also valid for binary systems. The parameters obtained from the pure adsorption isotherms of the individual components are used to predict the binary adsorption behaviour. This model assumes that different components do not have any effect on the adsorption of other components and do not interact with each other (Markham and Benton 1931) . (8) 
The Ideal Adsorbed Solution Theory (IAST)
This theory has similarities with Raoult's law for vapour/liquid equilibrium. Both the gas phase and the adsorbed phase are assumed to be ideal solutions. More details for this model were presented by Myers and Prausnitz (1965) . The reduced spreading pressure, z, can be calculated by using equation (9) below. In order to find the reduced spreading pressure, it is essential to know the parameters of the pure component adsorption isotherms, the mole fractions of the molecules in the mixture and the total pressure. 
EXPERIMENTAL
Materials
Single component adsorption isotherms were obtained by using constant volume techniques. Experiments were performed employing a constant volume system (Micromeritics, Accusorb 2100E model). Ultra-pure nitrogen and methyl chloride were purchased from Praxair (Ottawa, Canada). The two adsorbents used (HiSiv-3000 and SBA-15) have been described earlier. The pure silica ZSM-5 zeolite, HiSiv-3000, was purchased from UOP (Mount Laurel, NJ, USA) whereas the periodic mesoporous silica SBA-15 was prepared in our laboratory as described below.
The SBA-15 silica used in this study was prepared via a supramolecular templating technique as follows. Triblock copolymer Pluronic P123 (BASF) (14 g) was added to a Teflon-lined autoclave containing 105 g of distilled water and 420 g of 2 M HCl. The mixture was stirred magnetically at 35°C for 1.5 h, during which complete dissolution of the template P123 was achieved. Then, 29.75 g of tetraethyl orthosilicate was added and the stirring maintained for 5 min. The resulting mixture was then stirred further at 35°C for 18 h and then maintained at 80°C for 24 h without stirring. The final product was obtained by filtration followed by washing by water and air-drying. The polymer was removed by calcination at 540°C for 5 h in flowing air. 
Characterization of adsorbents
The structures of adsorbents used in this work were characterized by X-ray powder diffraction (XRD) and nitrogen adsorption studies. XRD patterns were collected on a Scintag X 2 Advanced Diffraction System using Cu Kα radiation at a wavelength of 0.15418 nm. The nitrogen adsorption experiments were performed at -196°C using a Coulter Omnisorp 100 gas analyzer. Before measurements, all samples were outgassed at 200°C for 5 h. The specific surface area was determined from the linear part of the BET plot (P/P 0 = 0.05-0.15). The pore size of microporous HiSiv-3000 was determined using the Horvath-Kawazoe model (Hovarth and Kawazoe 1983) , while the pore-size distribution of mesopores within SBA-15 was calculated from the adsorption branch using the KJS (Kruk, Jaroniec, Sayari) method (Kruk et al. 1997) . The micropore volume of SBA-15 was determined using the α S -plot method (Kruk et al. 2000) .
Adsorption isotherm measurements
The adsorbent samples were weighed and regenerated by heating under vacuum at 350°C for more than 14 h within the constant volume system. The adsorbate was then introduced into a manifold and the initial pressure was recorded. On opening the sample valve, the adsorbate was introduced to the adsorbent and the pressure drop due to adsorption was monitored as a function of time. The final pressure was recorded after equilibrium had been attained. The difference between the initial and the final pressure was used to calculate the amount of adsorbate adsorbed by the amount of adsorbent present in the system at that equilibrium pressure by applying the ideal gas law equation. The procedure was repeated at different equilibrium pressures to obtain the complete adsorption isotherm at constant temperature.
RESULTS AND DISCUSSION
Characterization of adsorbents
HiSiv-3000
The XRD spectrum of this material exhibited a diffraction pattern that was the same as for standard ZSM-5 (Baerlocher et al. 2001) . The nitrogen adsorption isotherm for HiSiv-3000 ( Figure 1 ) is typical of microporous zeolites with a strong uptake at low pressure being followed by a plateau. The BET surface area and pore size were found to be 251 m 2 /g and 5 Å, respectively. The micropore volume was 0.10 cm 3 /g.
SBA-15
The XRD pattern of SBA-15 shown in Figure 2 is dominated by a peak at 2θ = 1.08°, corresponding to a distance of 8.18 nm. In addition, two weak, but well-resolved peaks appear at 2θ = ca. 2°. Consistent with the occurrence of a two-dimensional hexagonal mesophase, these peaks were attributed to (100), (110) and (200) diffractions (Zhao, D. et al. 1998) . The cell parameter a = 2d 100 /√3 was found to be 9.4 nm.
The nitrogen adsorption/desorption isotherm of SBA-15 is shown in Figure 3 (a). It exhibits characteristic sharp steps corresponding to the condensation and evaporation of nitrogen from mesopores with a narrow size distribution. The hysteresis loop is indicative of the occurrence of mesopores with diameters larger than 4 nm (Kruk et al. 1997) . Consistently, the pore-size distribution [inset in Figure 3 (a)] exhibits a maximum at w = 7.7 nm. Coincidently, the α S -plot [Figure 3(b)] shows that the micropore volume of this material was also 0.10 cm 3 /g. From a combination of the XRD and nitrogen adsorption data, the pore wall thickness may be calculated as b = a -w = 1.7 nm. The specific surface area was found to be 645 m 2 /g while the pore volume was 0.72 cm 3 /g.
Pure component adsorption isotherms
Pure component adsorption isotherms of methyl chloride and nitrogen were obtained on HiSiv-3000 and SBA-15 at three different temperatures ranging between 40°C and 80°C as shown in 
Methyl chloride
It was shown that the Langmuir model for HiSiv-3000 and the Freundlich model for SBA-15 provided the best fits to demonstrate the trends in the adsorption isotherms for this adsorbate. In comparison to SBA-15, adsorption of methyl chloride by HiSiv-3000 was much greater at low pressures. However, at high pressures, SBA-15 adsorbed more methyl chloride than HiSiv-3000 since its surface area was much higher. In addition, the pure component adsorption isotherms of methyl chloride onto HiSiv-3000 were more rectangular in shape, whereas those for methyl chloride by SBA-15 were more linear.
The nitrogen adsorption data obtained at liquid nitrogen temperature suggested that these two materials had almost the same amount of micropores. The difference in the amounts of methyl chloride adsorbed may be attributed to the much larger pore volume (mesopores) of SBA-15 relative to HiSiv-3000. Since SBA-15 has a wider pore-size distribution and possesses mesopores, more adsorbate molecules can be forced into the pores as the pressure increases, allowing all the pores to be filled with the adsorbate. In contrast, HiSiv-3000 has a very narrow pore-size distribution so that, once the pores are filled, increasing the pressure does not lead to an increase in the amount adsorbed. For both adsorbents, it was observed that as the temperature increased, the amount adsorbed decreased, indicating that these adsorption processes were exothermic.
Nitrogen
HiSiv-3000 exhibited a higher adsorption capacity towards nitrogen than SBA-15, as can be seen from Figure 5 . Although the small nitrogen molecules were capable of penetrating into the mesopores of SBA-15, they could also escape easily because of the larger pores in this adsorbent. It will be seen from Figure 5 that the nitrogen adsorption isotherms for SBA-15 first increased linearly and then flattened out above 80 kPa.
The capacities of both adsorbents for nitrogen were much less than their capacities for methyl chloride. This was because the smaller nitrogen molecule was capable of ready entry and exit from the adsorbent structure, whereas the adsorbent structure prevented the passage of the larger methyl chloride to a greater extent.
Pure component adsorption models
The model parameters determined from all the pure component adsorption data obtained with HiSiv-3000 and SBA-15 for all the models used are listed in Tables 1 and 2 , respectively. The precision with which these models fitted the actual data was compared by using the weighted sum of the squared residual (WSSR) values. These are also listed in the tables. The weighted sum of the squared residual (WSSR) values are defined as: (10) where y is the experimental value and ŷ is the predicted value.
Of the pure component adsorption isotherm models studied, it was generally observed that the Toth and Sips models agreed well with all the experimental data for methyl chloride Tables 1 and 2 ). The Sips model showed a slightly better fit to the data than the Toth model. This was because the Sips fits were undertaken separately for the individual temperatures, whereas the Toth fits were undertaken altogether for all the data at different temperatures so that the isosteres could be plotted for the pressure and temperature ranges studied. All the models showed similar trends at all temperatures. Figures 6 and 7 show the curve fits of all the models for methyl chloride adsorption onto HiSiv-3000 and SBA-15, respectively, at 40°C. The Langmuir model gave a better fit to the HiSiv-3000 data, but it gave a worse fit for the data obtained for SBA-15. The Toth model gave good fits for the methyl chloride isotherms under the conditions studied; however, its extrapolation should definitely be avoided, since the saturation capacity predicted by this model (n s = 11 883) is physically impossible. The other parameters given in Tables 1 and 2 should also be used with caution, if any extrapolation of the pressure and temperature is involved.
The Langmuir model gave a good fit for the nitrogen isotherm data by HiSiv-3000, similar to the Toth and Sips models. However, the Freundlich model did not provide a good fit for the nitrogen isotherm with SBA-15, as can be seen from the WSSR values listed in Table 2 . 
Regeneration conditions
The applicability of the adsorption process depends on the regeneration conditions for the adsorbent. For this reason, experiments were performed at different regeneration conditions in order to obtain a better understanding of the process. First, to check the reproducibility of the experimental results, two experiments were performed at 40°C using two fresh adsorbent samples. It was observed that the two methyl chloride isotherms thus obtained were very similar to each other. After checking the reproducibility, the adsorbent used in the second experiment was , second regeneration. It should be noted that the first regeneration was conducted under vacuum at 350°C while the second and third regenerations (not shown) were conducted under vacuum at room temperature (21.5°C).
regenerated by heating at 350°C under vacuum for 15 h, following which the methyl chloride adsorption isotherm was again determined at 40°C. A second regeneration was then conducted only under vacuum for 15 h at room temperature and the same experiment performed to determine the adsorption isotherm.
The reproducibility of the results and the regeneration experiments conducted are shown in Figure 8 . These experiments were carried out using both adsorbents, HiSiv-3000 and SBA-15, separately. The results obtained showed that both adsorbents could be regenerated by a combination of high temperature and vacuum or by vacuum alone, without changing their capacities for methyl chloride. These initial tests for regeneration suggest that both adsorbents would make good candidates for pressure swing adsorption (PSA) or vacuum swing adsorption (VSA) applications. However, before their incorporation in an actual separation application, further regeneration tests should be carried out to make sure that the adsorbents are capable of withstanding the thousands of regeneration cycles necessary in an actual PSA or a VSA system.
Adsorption isotherm predictions for binary system
Predictions of binary mixture adsorption of methyl chloride and nitrogen were obtained by using the Extended Langmuir (EL) method and the Ideal Adsorbed Solution Theory (IAST) method at different temperatures for a total pressure of 101 kPa. The corresponding results are depicted in Figures 9-12. All these various predictions indicate that the adsorption process was dominated by the methyl chloride component. The adsorption isotherm of this adsorbate in the binary system was very similar to its pure adsorption isotherm, with the curve corresponding to the total amount adsorbed being virtually identical to this isotherm. The contribution of nitrogen adsorption in the binary system was almost negligible. Although the binary isotherm predictions using both methods were similar to each other, the IAST method predicted a much greater decrease in nitrogen adsorption as the composition of methyl chloride increased in the gaseous phase. For the binary adsorption isotherms, it was observed that as the temperature increased, the amount adsorbed decreased; this was also observed in the pure component adsorption isotherms. The cross-over of the methyl chloride isotherm in the binary system predicted by the Extended Langmuir model will be discussed below.
The phase diagram for the methyl chloride/nitrogen binary mixture at 40°C as obtained for both adsorbents using the EL and IAST methods are shown in Figures 13 and 14 , respectively. These phase diagrams indicate that a good separation could be obtained for both adsorbents since their corresponding lines were well separated from the 45°line.
The Langmuir parameters obtained from the pure isotherms were used to predict the binary behaviour using the Extended Langmuir model. In this case, as discussed above, the adsorption of methyl chloride by SBA-15 was not well fitted by the Langmuir model. This model over-estimates the amount adsorbed at low pressures and under-estimates this quantity at higher pressures for all the temperatures studied (the 40 o C data are shown in Figure 7) . Accordingly, its extension to the prediction of the behaviour of mixtures should be treated with caution.
Although the Langmuir model was more accurate in its predictions for methyl chloride adsorption onto HiSiv-3000 relative to SBA-15, it should be noted that the fitted model parameters (given in Table 1 ) for nitrogen adsorption onto this adsorbent at 60°C are not consistent with the parameters obtained at 40 o C and 80°C. This causes the curves for methyl chloride to cross each other in the Extended Langmuir prediction of the behaviour of the binary system at 60 o C and 40°C, as shown in Figure 9 .
However, according to the Ideal Adsorbed Solution Theory, the spreading pressure of nitrogen should be extrapolated to allow the same area as with methyl chloride to be achieved under the curve in the calculations of IAST [equation (9)]. The IAST method is more reliable for SBA-15. It will be seen from Figure 5 that the adsorption of nitrogen by SBA-15 attained saturation at a total pressure of around 150 kPa at all temperatures studied; this allowed the more precise extrapolation of the nitrogen isotherm for spreading pressure calculations. However, in the case of nitrogen adsorption by HiSiv-3000, the isotherms shown in Figure 5 did not reach saturation at any of the temperatures studied. Hence, the precision of the spreading pressure calculations was less accurate in this case.
Although both models have their limitations, VOC separation using both adsorbents is possible since the extent of nitrogen adsorption is very low in the binary system.
IAST predictions (Figure 14) show that although the adsorption capacity of HiSiv-3000 for pure methyl chloride was greater than that of SBA-15, the latter adsorbent gave a better separation in binary mixtures (the phase diagram is further away from the 45 o line). This is to be expected since SBA-15 adsorbed much less nitrogen (Figures 4 and 5 ).
Adsorption isosteres
Adsorption isosteres obtained for methyl chloride via the Toth isotherm parameters are depicted in Figures 15 and 16 . It will be seen from these figures that the amount of methyl chloride adsorbed at higher pressures was higher for SBA-15 than for HiSiv-3000. As observed from the pure component adsorption isotherms measured at 40°C and depicted in Figure 8 , HiSiv-3000 had a greater adsorption capacity for methyl chloride than SBA-15 at lower pressures (< 80 kPa). The curves for the amounts adsorbed at lower pressures in Figures 15 and 16 approached the horizontal to a greater extent at lower pressures, indicating that the effect of temperature on the amount adsorbed was less pronounced. With increasing pressure the curvature of the contours increased, indicating the increasing effect of temperature. 
Heat of adsorption
Use of the Van't Hoff plot [equation (11) ] with the Henry's law constants, K, allowed the heat of adsorption, ∆H, and the pre-exponential constant, K 0 , to be determined for the adsorption of methyl chloride and nitrogen by HiSiv-3000 and SBA-15: The corresponding values of K 0 and ∆H are listed in Table 3 while the Henry's law constants, K, are depicted as a function of the inverse temperature in Figure 17 . It can be seen from the data listed in the table that the heat of adsorption for methyl chloride was higher than that for nitrogen with both adsorbents. This shows that methyl chloride exhibited greater interaction with both adsorbents relative to nitrogen. Another important observation is that the heat of adsorption of methyl chloride with SBA-15 was much less than that with HiSiv-3000, and even less than the heat of adsorption of nitrogen with the latter adsorbent. The lower the heat of adsorption, the easier the regeneration of the adsorbent. Hence, SBA-15 would exhibit a distinct advantage in terms of regeneration. 
Separation factors
Separation factors, α, defined by the ratio of the Henry's law constants, K, as follows for methyl chloride and nitrogen:
have also been calculated and are given in Figure 18 for HiSiv 3000 and SBA-15. These values of the separation factor were calculated from the pure component data in the Henry's law region. As can be seen from this figure, for both adsorbents studied the separation factor increased with decreasing temperature. SBA-15 exhibited higher separation factors at higher temperatures, with the difference between the two adsorbents decreasing as the temperature decreased within the temperature range studied. 
CONCLUSIONS
The adsorption capacities of HiSiv-3000 and SBA-15 towards methyl chloride and nitrogen were determined by using the constant volume method over the temperature range 40-80°C. Several adsorption isotherm models were fitted to the experimental data and isosteres were obtained. The behaviour of the binary system was predicted using the Extended Langmuir model and Ideal Adsorbed Solution Theory. Henry's law constants and heats of adsorption for the two adsorbates with both adsorbents were determined. Several conclusions have been reached from this study:
1. At lower pressures, the adsorption capacity of HiSiv-3000 for methyl chloride was much higher than that of SBA-15; however, at higher pressures, SBA-15 adsorbed more methyl chloride as a result of its larger pore size and surface area. 2. HiSiv-3000 also exhibited a higher adsorption capacity for nitrogen than SBA-15. 3. The Toth and Sips models gave a good fit for all the isotherm data. 4. The Langmuir model worked well with the HiSiv-3000 data for methyl chloride adsorption. 5. The Freundlich model gave a better fit than the Langmuir model for SBA-15 data for methyl chloride adsorption. 6. The common conclusion arising from both phase diagrams using the Extended Langmuir model and the Ideal Adsorbed Solution Theory was that the extent of nitrogen adsorption was negligible in the binary system; hence, both adsorbents studied are very good candidates for the separation of methyl chloride from nitrogen. 7. The heat of adsorption of methyl chloride with SBA-15 was much lower than with HiSiv-3000, and even smaller than the heat of adsorption of nitrogen with HiSiv-3000. This result would be reflected in smaller heat effects in the adsorption column. 8. Calculated separation factors indicated that SBA-15 gave better results than HiSiv-3000 at higher temperatures. The difference between the two adsorbents decreased as the temperature decreased, with the HiSiv 3000 separation factors being slightly better at around room temperature. 
